Wood pellets have been reported to emit toxic gaseous emissions during transport and storage. Carbon monoxide (CO) emission, due to the high toxicity of the gas and the possibility of it being present at high levels, is the most imminent threat to be considered before entering a pellet storage facility. For small-scale (<30 tons storage capacity) residential pellet storage facilities, ventilation, preferably natural ventilation utilizing already existing openings, has become the most favored solution to overcome the problem of high CO concentrations. However, there is little knowledge on the ventilation rates that can be reached and thus on the effectiveness of such measures. The aim of the study was to investigate ventilation rates for a specific small-scale pellet storage system depending on characteristic temperature differences. Furthermore, the influence of the implementation of a chimney and the influence of crossventilation on the ventilation rates were investigated. The air exchange rates observed in the experiments ranged between close to zero and up to 8 m 3 h −1
comfort of pellet heating systems and the heightened awareness toward climatic issues leading to the implementation of energy policies such as the Directive for Renewable Energy Sources (2009) for Europe has led to a steady increase in the number of homes heated by wood pellets. The number of wood pellet heating systems in Germany alone has reached >195 000 in the year 2012 according to the German Wood Fuel & Pellet Association (2013) . More than 96% of those have a heating capacity below 50 kW and are mainly used to supply energy to single-family homes and residential developments. The preparatory study for the implementation of ecodesign measures for solid fuel small-scale combustion installations published by the European Commission DG TREN (2009) estimated a total stock of 634 900 units of pellet stoves within the EU27 in the year 2009.
Along with the large number of pellet heating systems comes an equally large number of wood pellet storages; in most cases, this means an in-house pellet storeroom, which is usually a dry and airtight room adjacent to the boiler room. While the formation of health hazardous emissions, especially carbon monoxide emissions, has been realized for almost a decade now as a threat to human safety in connection with large-scale bulk transportation and storage (see Svedberg et al. 2004 Svedberg et al. , 2008 , only recently, there have been publications about the threat from CO emissions in small-scale pellet storage facilities by Gauthier et al. (2012) and Emhofer and Aigenbauer (2012) . On the development of CO concentrations in residential pellet storages, a study by Emhofer (2011) presents data on CO concentration measurements within 31 unventilated small-scale in-house pellet storages (non-silo types), which took place from spring 2010 to spring 2011. The highest reported CO level was 1333 p.p.m. in one of these residential pellet storages. The data collected showed that within each storage unit, the highest measured CO levels typically arose within the first week of storage after filling with new fuel and then gradually started to decrease. However, depending on the actual construction of the pellet storage unit and the composition of the wood pellets, the actual rate of this decrease can vary significantly, e.g. for five pellet storage units with maximum CO levels between 400 and 500 p.p.m. CO, the amount of days it took to reach a CO level below 100 p.p.m. ranged between 7 and 70 days. However, if ventilation (either natural or mechanical) had been installed, it can be assumed that CO levels would have decreased faster. This data set is also supported by the findings presented in Appendix D (see Supplementary material, available at Annals of Occupational Hygiene online), where the development of CO off-gassing rates under ventilated storage conditions is presented. The experiment showed that CO off-gassing is strongest for a period of roughly 4 weeks and then proceeds at a much slower rate.
However, the wood pellet industry in Central Europe has reacted and already the ventilation of pellet storage facilities, preferably by natural ventilation, has been identified as the easiest solution to overcome the problem of high CO concentrations. Austria is the first European country to already have implemented natural ventilation as requirement for newly installed small-scale pellet storages (Austrian Standards Institute, 2012) . Furthermore, when considering the large number of existing small-scale residential pellet storages, the utilization of already existing openings, such as the filling tubes, into these pellet storages has become industries most favored option for ventilation. The retrofitting of, for example, pellet storerooms with low-cost and easy-to-install caps for the filling tubes, which allow for air exchange between the storeroom and the surroundings, is currently the most widespread measure to enhance safety from CO emissions in particular in Europe.
Although this is definitely an improvement over the situation without any ventilation, it is still not yet clear how effective this form of ventilation actually is. Therefore, it is essential to understand the dynamics of carbon monoxide levels in pellet storages and the dependence of ventilation rates on inside and outside conditions. Only recently, in the works of Yazdanpanah (2013) and Yazdanpanah et al. (2014) , results from investigations on the stratification of off-gases and the effectiveness of purging on the gas emissions in stored wood pellets during silo storage have been presented. However, with respect to the effectiveness of ventilation measures in small-scale pellet storages in general, and non-silo types in particular, only incomplete work has been presented till now (e.g. Emhofer and Aigenbauer, 2012) .
The aim of this study is to investigate ventilation rates for a specific small-scale pellet storage depending on characteristic temperature differences between the inside and the surrounding. Furthermore, the influence of the implementation of a chimney and the influence of cross-ventilation on the ventilation rates are investigated.
E x pEr I m En tA l s Et-up
Pellet storage tank Experiments have been performed with a two-part prefabricated pellet storage tank made of reinforced concrete, with a volume of V = 10.27 m 3 . The tank main body is designed as a cylinder and its top has the shape of an irregular truncated cone. The overall height of the tank is 2.65 m and its diameter is 2.5 m. All openings used for the ventilation experiments are located on the top of the tank as indicated in Fig. 1 . The tank is equipped with two pipes of a diameter of 0.11 m, whose openings end in 'Storz A' connectors, a type of hose coupling commonly used in Europe (e.g. by fire brigades). These pipes are used for filling the tank with wood pellets from a pellet delivery truck. Furthermore, the tank is also equipped with a service opening, which remained closed during all the ventilation experiments. The tank was positioned inside a storage depot for the duration of the experiments to avoid the influence of wind or other weather conditions, with the exception of temperature, on the outcome of the experiments. The storage depot was neither heated nor cooled and the temperatures within were continuously recorded throughout the experiments. The solid design of the pellet tank provides the unique opportunity to test the effectiveness of the chosen ventilation measures without interference effects due to the presence of leakage, which can typically not be avoided when testing a less solid storage situation (e.g. an indoor pellet storage room).
Ventilation equipment
For the ventilation experiments, the openings, which were already implemented on top of the tank, have been utilized. The cross-sectional area of the uncovered openings is approximately A = 95 × 10 −4 m 2 . The opening labeled S1 ( Fig. 1 ) was used as ventilation opening in all experiments. Its cross-sectional area was reduced by capping with a cover that had a cross-sectional area of only A = 22 × 10 −4 m 2 in the form of four equally spaced rectangular holes to create experimental conditions close to conditions that can be encountered in storage settings found in single-family houses. The opening labeled S2 was only used in the experiments where the effect of cross-ventilation was studied. Otherwise, it remained closed using a blind bolt. For the cross-ventilation experiments, the S2 opening was capped with the same type of cover also used on the S1 opening.
Additionally, the effect of adding a chimney to support ventilation was studied under varying temperature conditions. A schematic of the two chimneys used in the experiments is illustrated in Fig. 2 . The variation in temperature conditions was achieved by heating and cooling the chimney by applying a heating band (400 W power) and a mixture of ice and salt water, respectively. The heating or cooling was continuously put in place during the ventilation experiment. The temperatures measured at measurement point 5 (control temperature) were around 403 K in the case of the heated chimney and around 270 K in case of the ice-cooled chimney throughout the experiment. Finally, the effect of adding a chimney without artificial heating or cooling has also been studied.
Measurement equipment
For the measurements of the CO concentrations in the tank, a gas analyzer (Varioplus Industrial, MRU) using a nondispersive infrared-based measurement principle was used. During one 30-min measurement cycle at each of the three measurement points C1-C3, gas was sampled for 4 min, and the rest of the time the lines were flushed with ambient air. The CO concentration values were recorded as 5-s mean values. The temperature measurements were also continuously recorded as 5-s mean values using type K thermocouples. The positions of the measurement positions are indicated in Table 1 .
Measurement procedure
At the beginning of each experiment, the empty tank has been filled with a premixed flow of air and CO gas (technical purity), which corresponds to an initial concentration of CO of ~800 p.p.m. Once the CO concentrations at all three measurement points had reached a stable value, the gas flow was stopped and the subsequent drop of the CO concentration in the tank was monitored. Each ventilation experiment was stopped with the first measured CO concentration below a threshold of 200 p.p.m., but latest after a time span of ~44 h. In the course of the experimental part, eight different set-ups have been studied. We have investigated the following four general possibilities: opening: (op) capped filling tube (S1 in Fig. 1 ), chimney: (ch) chimney, heated: (ht) heated chimney, cooled: (co) ice-cooled chimney, each combined with either a closed (cl) or an open (op) second opening S2 (Fig. 1 ).
m Ethods of dAtA A n A lys Is
In the most simple case of a constant ventilation rate, the carbon monoxide concentration would be governed by the differential equation
with α > 0. For the initial condition C(0) = C 0 , the solution is the exponential drop
In a semi-logarithmic plot, this corresponds to a straight line. As shown in Fig. 3a , such behavior is indeed found for some experiments. For other experiments, however, this is only true for limited periods of time. As shown in Fig. 3b , during different stages of the experiment, pieces of straight lines with significantly different slopes yield a reasonable description of the data. This makes clear that equation (2) with constant α does not describe the general case. A reasonable generalization is to assume a dependence of the drop rate on the temperatures,
A simple, yet plausible approach is to assume the dependence on one characteristic temperature difference
with two characteristic temperatures T in and T out inside the tank and outside of it. In order to check the hypothesis expressed in equation (4), time-dependent drop rates have been determined from the concentration data as
and, using the volume V of the tank, further converted to a ventilation or air exchange rate 
V t t V ( ) ( ) .
= α A discussion of error propagation is given in Appendix A (see Supplementary material, available at Annals of Occupational Hygiene online).
For these air exchange rates, we have created correlation plots of  V versus a characteristic temperature ∆ T. In order to define such a difference, we have introduced a hierarchy of temperatures,
T T T T T T T T T
where the symbol ' '  denotes the relation 'is regarded as further inside than' .
Temperature differences have the form
. Data analysis showed that for most pairings of characteristic temperatures, there is either no or no simple dependency of the air exchange rates on the related temperature differences. The plots that exhibit a characteristic dependence are typically quite similar to each other, so it is sufficient to pick one characteristic correlation plot for each of the set-ups. This is shown in more detail in Appendix B (see Supplementary material, available at Annals of Occupational Hygiene online). For most set-ups, the characteristic dependence on ∆ T seems to be piecewise affine linear, The form (6) can be generalized to
with a constant ∆ T 0 . This takes into account that the temperatures accessible for measurements might be shifted by a systematic offset to the ones most relevant for the air exchange rate.
r E sults A nd dIscuss Ion
Results of the correlation analysis In this section, we present results of the correlation analysis for the ventilation experiments described in Table 2 , where the individual start and end concentrations for all experiments as well as their duration are also given. Parameters for the piecewise linear fit are given in Table 3 .
In general, the analysis is significantly less reliable for open set-ups (Figs 5, 7, 9 and 12): since the gas exchange is much faster, there are fewer data points for open set-ups than for the closed cases. For a better comparability of the effectiveness of the different experimental settings, the calculated air exchange rates are given, whenever possible, at values of ∆ T = ±4 K , which is also shown in Table 3 .
Set-up with simple opening
We show the most significant correlation plot for the set-up opening/closed in Fig. 4 . This rate is by a factor of 6 larger than the one obtained for the closed case for the same value of ∆T . As was to be expected, the air exchange rates for both cases (open and closed) are lowest for temperature values of ∆T close to 0. Furthermore, it could be shown that although an increase in the absolute value of ∆T always resulted in an increased air exchange rate, the increase was even higher when the temperature inside the tank was higher than the reference temperature outside the tank.
Thus, the air exchange rate in the case opening/closed more than doubled from a  
Set-up with chimney
We show the most significant correlation plot for setup chimney in Fig. 6 for the closed and in Fig. 7 Table 3 . Resulting fit parameters for equation (7) and characteristic air exchange rates R 
Set-up with heated chimney
Some general remarks have to be made before taking a closer look on the results for the experiments with the heated chimney. First of all, it has to be mentioned that it proved to be extremely difficult to choose a reference temperature for the heated chimney due to the fact that the temperature profile along the air column inside the chimney was very inhomogeneous. During the experiments, the temperatures measured at the measurement points 4, 5, and 6 averaged around 293, 403, and 353 K, respectively. We finally decided to use measurement point 4, while being fully aware, that the resulting values for the calculation of ∆T would not serve as representative values of ∆T along the air column of the heated chimney. Therefore, all following evaluation of results for the heated chimney set-up can only be understood as qualitative assessment of the effectiveness of such a set-up. Furthermore, due to the relatively short experimental duration and the subsequent small number of measured values, the given reference values for ∆ ∆ T T = ± 0 4 K (given in Table 3 ) are significantly outside the fit range and, therefore, they require extrapolation and are not reliable. However, we show the most significant correlation plot for set-up heated in Fig. 8 for the closed and in Fig. 9 for the open case. The highest calculated air exchange rates for measured data points were between ~2 and 2. 
Set-up with cooled chimney
In the set-ups with the cooled chimney, the temperatures with the highest degree of correlation were in fact the temperatures T t4 (bottom end of the chimney) and T a1 (ambient temperature close to the top end of the chimney), both outside the pellet storage instead of a temperature couple relating inside storage temperature to an outside temperature (shown in Fig. 10 ), as with all other set-ups. The authors attribute this to the fact that in the chosen experimental set-up, the influence of a warm layer of air above the cooled chimney is superimposing the effect of warm air in the pellet tank below the cooled chimney. We show the most significant correlation plot for set-up cooled in Fig. 11 for the closed and in Fig. 12 for the open case. In the set-up cooled/closed, the obtained air exchange rates for values of ∆T~4 K are very similar to the results from the cases opening/closed and chimney/closed. The results for the set-up cooled/ open show a relatively stable and also quite high air exchange rate of around 7.5 m 3 h −1 over a range of values of ∆T from −5 to −8 K.
Discussion and comparison of all set-ups A comparison of correlation plots for all set-ups, shown on the same scale, is given in Fig. 13 . The correlation plots show that the hypothesis expressed in equation (4) seems to be correct at least in most cases. The ventilation rate mainly depends in a piecewise linear manner on a characteristic temperature difference. Furthermore, in some cases, a distinct change in the air exchange rates can be observed when the sign of this temperature difference changes. A characteristic example is depicted in Fig. 7 . This example, as well as some other results, suggests that a temperature difference, in which the temperature inside the tank is higher than the reference temperature outside the tank, is more beneficial to the obtained air exchange than vice versa. However, to prove this hypothesis fully, the experimental set-up would have to be changed to include more measurement points for temperatures in the chimneys and a measurement sequence with more frequent CO measurements to generate sufficient data points under conditions with high air exchange rates. Furthermore, the experimental set-up for the heated chimney would have to be improved by implementing a heat source distributing an even amount of heat along the complete length of the chimney.
The introduction of a chimney to enhance air exchange rates proved only successful under the condition open in all set-ups. This leads to the conclusion that the installation of a chimney alone does not lead to an effective enhancement of air exchange rates. A 'stack-effect' could only be observed when crossventilation through a second opening was possible; in these cases, however, at least a doubling of the air exchange rates could be observed. Also, the effects of temperature differences are much more significant in cases where the second opening of the tank is open resulting in air exchange rates about twice as high as for the closed set-ups. In the course of the experiments, the highest air exchange rates were obtained for the set-ups chimney/open and cooled/open.
Situation in the presence of pellets
The experiments described in Experimental Set-Up have been conducted in the absence of pellets in order to separate the dynamics of ventilation from the (up to now poorly understood) carbon monoxide production process. When pellets are present, they act as a source of carbon monoxide. Therefore, equation (1) is replaced by
with a source term S. In the most simple model, the production of carbon monoxide is assumed to be constant, S(t) = s 0 . In a more realistic approach, one can take into account the fact that the production is presumably largest when the tank has freshly been filled and drops afterward. At least qualitatively, this can be described by an approach
with a positive decay constant β similar to the formation expression for CO first described in the works of Kuang et al. (2008 Kuang et al. ( , 2009 . Using this expression in equation (8) 
For α β ≠ , in the (unlikely) case of resonance, α β = , one obtains the solution
So for most cases, one can expect the sum of two exponentials. While a balance approach, as sketched in this section, can certainly be useful as an estimate for concentrations to be expected, a more detailed analysis, including the geometry, is necessary in order to derive reliable upper bounds for CO concentration and to exclude the possibility of 'hot spots' with higher concentration of CO due to stagnation points of air flow.
con clus Ions
In the course of this study, it could be demonstrated that the ventilation of a small-scale pellet storage by utilizing caps for the filling tubes that allow for air exchange between the storeroom and the surroundings is a possible measure to enhance safety from CO emissions, but not one without limitations.
While under certain conditions the ventilation rates that could be achieved in our experimental set-up were relatively high, at other times, when the temperature differences between storage and surroundings were close to zero, the ventilation rates were close to zero too. However, even very small temperature differences lead to a steady, if slow, decrease of CO concentration within a small-scale pellet storage and will in time alleviate the safety situation within the storage. Even though the tested pellet storage provided only a limited experimental set-up for the ventilation tests, it is possible to transfer the knowledge gained from these tests to other storage situations. In general, the effectiveness of natural ventilation can be enhanced by maximizing the distance between the ventilation openings to avoid a short-circuiting of the air exchange volume flow. Furthermore, the implementation of several ventilation openings would also prove beneficial to the amount of air exchange that can be reached inside a pellet storage.
Nonetheless, for the time period most critical with respect to the release of CO emission from the wood pellets, immediately after the filling of the pellet storage until ~4 weeks later, we recommend not to enter a pellet storage at all or if necessary only after a sufficiently long period of forced ventilation in order to achieve guaranteed safe entry conditions. After that period, provided that the pellet storage is equipped 
